Two-dimensional transition metal dichalcogenide semiconductors have emerged as promising candidates for optoelectronic devices with unprecedented properties and ultra-compact footprints. However, the high sensitivity of atomically thin materials to the surrounding dielectric media imposes severe limitations on their practical applicability. Hence, to enable the effective integration of these materials in devices, the development of reliable encapsulation procedures that preserve their physical properties is required. Here, the excitonic photoluminescence (at room temperature and 10 K) is assessed on mechanically exfoliated WSe 2 monolayer flakes encapsulated with SiO x and Al x O y layers by means of chemical and physical deposition techniques. Conformal coating on untreated and nonfunctionalized flakes is successfully achieved by all the techniques examined, with the exception of atomic layer deposition, for which a cluster-like oxide coating is formed. No significant compositional or strain state changes in the flakes are detected upon encapsulation, independently of the technique adopted. Remarkably, our results show that the optical emission of the flakes is strongly influenced by the stoichiometry quality of the encapsulating oxide. When the encapsulation is carried out with slightly sub-stoichiometric oxides, two remarkable phenomena are observed. First, dominant trion (charged exciton) photoluminescence is detected at room temperature, revealing a clear electrical doping of the monolayers. Second, a strong decrease in the optical emission of the monolayers is observed, and attributed to non-radiative recombination processes and/or carrier transfer from the flake to the oxide. Power-and temperature-dependent photoluminescence measurements further confirm that stoichiometric oxides obtained by physical deposition lead to a successful encapsulation, opening a promising route for the development of integrated two-dimensional devices.
Introduction
Two-dimensional (2D) transition metal dichalcogenide (TMDC) semiconductors present unique physical properties, such as a sizeable native bandgap, a relatively large (up to 250 cm 2 ·V -1 ·s -1 ) in-plane carrier mobility, valley-dependent phenomena, a strong light-matter interaction, and an indirect-to-direct bandgap transition in monolayer crystals, which make them ideal candidates for ultra-compact optoelectronic, photonic, and electronic applications [1] [2] [3] [4] [5] . Owing to the strong spatial confinement of carriers and the reduced dielectric screening of Coulomb interactions, electron and holes in monolayer TMDCs are tightly bound, and thus form exciton and multi-exciton complexes with binding energies of up to 0.5-1 eV, more than one order of magnitude larger than those of conventional III-V 2D quantum well nanostructures [6] . The simplest excitonic species is the neutral (X 0 ) exciton, which consists of an electron-hole pair bound by Coulomb interactions. Singly charged excitons, or trions (X -), which are quasi-particles consisting of two electrons (holes) and a hole (electron) [7, 8] , exhibit binding energies 20-40 meV higher relative to X 0 . Additionally, in WSe 2 monolayers, a broad and relatively stable optical emission approximately 50 to 200 meV below the X 0 transition is typically observed at low temperatures (< 60 K), and is associated with bound exciton states and other multi-exciton complexes [9] [10] [11] .
The optical response of 2D semiconductor materials is therefore dominated by the radiative recombination of such exciton complexes, which ultimately depends on the many-body interactions between excitons and free carriers in the crystal. In addition, the large surface-to-volume ratio typical of these materials makes them highly sensitive to the surrounding environment. For example, common organic solvents such as acetone or 2-propanol, can introduce unintentional doping in atomically-thin flakes [12] . Moreover, the photoluminescence (PL) properties of doped TMDCs are strongly affected by physisorbed O 2 , O 3 , and/or H 2 O molecules, which tend to deplete the material of electrons, rendering the recombination of neutral excitons dominant over that involving negatively charged exciton complexes [13] . The exciton dynamics in WS 2 , MoS 2 , and WSe 2 monolayer flakes is also affected by the substrate material, mainly due to strain, charge transfer, or dielectric screening effects [3, [14] [15] [16] . In the case of mechanically exfoliated flakes, these effects depend on the contact area between the flakes and the substrate, which in turn is affected by parameters such as the substrate preparation procedure or the stiffness of the tape/stamp used to transfer the flakes [17, 18] . It is thus not surprising that discrepancies have arisen between published data on the characteristic optical emission features of WSe 2 monolayers at low temperatures, due to inevitable differences in the experimental conditions. For instance, while some studies reported well-defined emissions from neutral excitons, trions, and localized states [9, 10] , broad bands with no clear peaks were found in other investigations [11, 19] .
Besides variations in the synthesis conditions, strategies are also needed to protect 2D materials against environmental modifications that might have detrimental or uncontrollable effects on their electrical and optical properties. To this aim, different encapsulation techniques have been explored, such as embedding between inert h-BN layers [20] or in dielectric materials, such as Al 2 O 3 , HfO 2 , SiN 3 or SiO 2 [21] [22] [23] [24] [25] . The formation of a conformal uniform oxide coating on 2D materials by chemical deposition techniques such as atomic layer deposition (ALD) represents a challenging task that requires a surface functionalization or pre-treatment step, due to the absence of surface dangling bonds [24, [26] [27] [28] . Most reports on the effect of Al 2 O 3 [29] , HfO 2 [23, 30] or SiN 3 [31, 32] coatings of TMDCs 2D materials, e.g., MoS 2 or WSe 2 , were mainly focused on assessing their electrical response and involved dielectric coatings obtained by chemical deposition. Systematic studies of the effects produced by encapsulation on the optical response of the flakes are scarce and their interpretation is often controversial [33] [34] [35] . While in some studies the changes in optical emission of encapsulated MoS 2 flakes were attributed to the presence of residual strain or possible electrical charging [33, 34] , other investigations associated them with dielectric screening effects [36] . In addition, possible material modifications that could affect the optical emission of the flakes and the role of the employed deposition techniques are rarely taken into account. Nano Res. 2018, 11(3): [1399] [1400] [1401] [1402] [1403] [1404] [1405] [1406] [1407] [1408] [1409] [1410] [1411] [1412] [1413] [1414] In this work, the optical properties of WSe 2 monolayers, encapsulated with dielectric SiO x and Al x O y layers of thickness ranging from 5 to 30 nm using chemical and physical deposition techniques, are systematically studied by PL spectroscopy. Special care is taken to prevent possible flake degradation or unintentional doping, by avoiding treatment procedures involving organic solvents or further manipulation after the exfoliation. The composition, strain state, and morphology of the encapsulated flakes are studied by X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and atomic force microscopy (AFM), respectively. The stoichiometry of the encapsulating oxides is measured by XPS and correlated with the optical emission of the flakes. Our results reveal that the stoichiometry of the oxide strongly influences the optical response of the encapsulated WSe 2 . Dominant trion optical emission at room temperature (RT) is observed for flakes that were coated with sub-stoichiometric oxides, which indicates electrical doping of the flake due to the defective oxide coating. In contrast, no significant changes with respect to uncapped reference samples are found in the PL spectra when stoichiometric oxides are employed, indicating negligible charge transfer. Power-dependent (at 10 K) and temperaturedependent PL measurements are also performed on uncapped and encapsulated monolayers to further investigate the radiative recombination mechanisms. In addition, we discuss the suitability of each deposition technique to preserve the optical quality of the encapsulated WSe 2 monolayer flakes.
Experimental

Samples preparation
WSe 2 monolayer flakes were mechanically exfoliated on commercially available SiO 2 (280 nm)/Si substrates. The substrates were first degreased with acetone, 2-propanol, and deionized water followed by oxygen plasma treatment for 10 min using a commercial system (200 W) in order to enhance the adhesion of the flakes to the substrates [17] . Scotch mechanical exfoliation was then used to transfer the WSe 2 flakes onto substrates on which gold markers had been previously defined by optical lithography. Monolayer flakes were identified and localized with respect to the reference markers with an optical microscope. The introduction of detrimental dopants and/or contaminants on the as-exfoliated flakes was limited by avoiding cleaning procedures involving solvents. AFM and micro-PL measurements were performed on all samples to confirm the thickness of the monolayer flakes. The monolayers used in this work exhibit neutral exciton optical emission at similar energies (1.661  0.005 eV).
WSe 2 monolayer flakes oxide encapsulation by chemical and physical deposition
Encapsulation by plasma-enhanced chemical vapor deposition (PECVD)
Before deposition, the samples were kept in vacuum conditions (base pressure ~ 1 × 10 -2 mbar) at 573 K and under an N 2 flux of 5 sccm for 30 min, to desorb possible adsorbates from the surface. The deposition of silicon oxide layers was performed at 573 K and 500 mbar using SiH 4 (425 sccm) and N 2 O (710 sccm) precursors with a plasma power of 10 W supplied by a 13.56 MHz radiofrequency (RF) generator. The thickness of the oxide layer was controlled by varying the deposition time.
Encapsulation by ALD
Before deposition, the samples were kept in vacuum conditions (base pressure ~ 7 × 10 -2 mbar) at 473 K and under an N 2 flux of 5 sccm for 30 min, to desorb possible adsorbates from the surface. The aluminum oxide deposition took place at 473 K by cycling trimethylaluminum (TMA) (0.8 s) and H 2 O (1 s) precursors, with a waiting time of about 8 s between pulses and a N 2 flux of 20 sccm. The thickness of the oxide layers was controlled by varying the number of precursor pulses.
Encapsulation by electron-beam deposition (E-BEAM)
The samples were annealed at 473 K in vacuum (base pressure ~ 5 × 10 -7 mbar) for 30 min to remove possible absorbents from the surface. The deposition was performed at 473 K and 1 × 10 -6 mbar while rotating the sample at 15 rpm. The oxide layer was deposited at a rate of 2 Å·s -1 .
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Encapsulation by pulsed laser deposition (PLD)
We used a home-built PLD system consisting of an ultraviolet (UV) ArF excimer laser (λ = 193 nm, 20 ns pulse duration) and a vacuum chamber equipped with a multi-target system. The laser beam was focused onto a ceramic Al 2 O 3 target at an angle of incidence of approximately 45°. PLD deposition involves the formation of a laser-generated plasma formed by high kinetic energy ionic and/or neutral species. A sensible choice of the deposition conditions allows obtaining good-quality oxides for optical applications [37] . For this experiment, the samples were placed at distances of 43 mm from the target surface and 5 cm from the center of the target normal; this off-axis configuration hinders the influx of higher kinetic energy species originated in the laser-induced plasma plume and thus minimizes implantation and defect formation phenomena [38, 39] . The oxide deposition was performed in vacuum (base pressure = 1 × 10 -5 mbar) with the samples at RT, using a laser energy density of 2.0 ± 0.2 J·cm -2 on the target, with a repetition rate of 20 Hz.
Characterization
The optical characterization of uncapped and encapsulated WSe 2 monolayers was performed by photoluminescence spectroscopy. We used a standard confocal micro-PL setup equipped with a XY stage, allowing spatial positioning of the laser spot with a resolution well below 1 μm. A continuous-wave laser was used for excitation ( = 532 nm). The laser beam was focused on the sample using a 50× objective with a numerical aperture (NA) value of 0.42. Temperaturedependent PL experiments were performed with a He flow cryostat. The PL signal was analyzed with a spectrometer of 750 mm focal length coupled to a Si charge-coupled device (CCD) detector using a 150 grooves mm -1 grating. The power-dependent measurements were performed using a half-lambda wave plate combined with a fixed linear polarizer in the excitation line, which allows reproducible control of the laser excitation power. The strain state of the flakes was inspected by Raman spectroscopy. Raman measurements were performed in backscattering geometry on isolated WSe 2 monolayers at RT, with an excitation wavelength of 632.8 nm provided by a HeNe laser and a power density of 14 kW·cm -2 (selected after checking that no heating effects were induced). The laser beam was focused with a 100× objective (NA = 0.80). The scattered light was collected by a T64000 triple spectrometer equipped with a 1,800 g·mm -1 grating and a liquid nitrogen-cooled multichannel CCD detector. The spectra were collected by selecting scattered light polarized either parallel or perpendicular to the polarization direction of the incident light, which correspond to x(zz)-x and x(zy)-x configurations, respectively, in the standard Porto notation. The composition of the flakes was determined by XPS spectroscopy using a ThermoFisher Theta Probe XPS system, operated with a monochromatic Al Kα X-ray beam at 15 kV, an emission current of 6.7 mA, and a spot size of 400 μm in diameter. All spectra were acquired in constant analyzer energy mode at a constant pass energy of 50 eV, with full width at half maximum (FWHM) of 1.00 eV on the Ag 3d 5/2 peak, and an energy step size of 0.05 eV. The residual pressure of the ultra-high vacuum chamber was maintained around 10 -8 mbar. The electrical charge distribution on the flakes was analyzed by Kelvin force microscopy (KFM) [40] . KFM images were acquired with the electrical excitation signal at the second cantilever eigenmode (f ~ 426 kHz) [41] . A commercial AFM instrument (Agilent 5600) and conducting cantilevers (PtSi-FM, Nanoandmore) were used. The measured surface potential difference ΔV corresponds to the dc potential that cancels out the oscillation at 426 kHz. Assuming a parallel capacitor model, the surface potential changes can be related to the surface charge density by the relation σ = ΔV ε/h, where ε ~ 8 × 10 -11 F·m -1 and h = 5 nm are the dielectric constant and the thickness of the oxide in Fig. 1 (e), respectively. The morphology of the flakes was measured by AFM, employing a commercial Nanoscope system in tapping mode and Si AFM tips with a resonance frequency around 300 KHz. The post-processing analysis of the data was performed using the WSxM software [42] .
3 Results and discussion
Preparation and characterization of encapsulated WSe 2 monolayer flakes
The samples used in this work were obtained by mechanical exfoliation of bulk WSe 2 crystals (2D Nano Res. 2018, 11(3): 1399-1414 semiconductors, Inc.) on thermally oxidized Si substrates. The 280-nm thick SiO 2 /Si layer exhibited low surface roughness, with a peak-to-peak value of about 1 nm. We prepared a set of samples consisting of uncapped (reference) and oxide-coated WSe 2 monolayer flakes with different oxide thickness (t = 5, 10, 20, and 30 nm) and stoichiometry. The oxide deposition was carried out using well-established and representative chemical deposition techniques (ALD and PECVD) and physical deposition methods (E-BEAM and PLD). The stoichiometry of the layers was determined by XPS, and further details can be found in Fig. S1 and Table S1 of the Electronic Supplementary Material (ESM). In particular, the physical deposition techniques (E-BEAM and PLD) led to the formation of stoichiometric Al 2 O 3 oxides, whereas sub-stoichiometric, oxygen-depleted oxide layers were obtained by chemical deposition: Al 2 O 2.85 (ALD) and SiO 1.80 (PECVD). It should be noted that the deposition of the oxides was performed under standard experimental conditions, routinely used in our laboratory to prepare oxide layers. The purpose of the present experiments is to elucidate the effects of non-ideal conditions (in terms of non-stoichiometric oxides or highly energetic species, usually obtained by PLD methods) on the optical response of the encapsulated WSe 2 monolayers.
The surface morphology of as-exfoliated and oxidecoated WSe 2 was investigated by AFM. Figure 1(a) shows the AFM images of a WSe 2 monolayer flake coated by ALD for 50, 100, and 300 precursor (TMA/ H 2 O) cycles, corresponding to a nominal thickness (t nom ) of 5, 10, and 30 nm of the aluminum oxide layer on the surrounding SiO 2 surface.
Although pinhole-free coating is generally expected in the case of ALD, conformal oxide growth requires the presence of uniformly distributed nucleation centers promoting the dissociation and reaction of the precursors. The AFM images and corresponding line scans highlight a non-conformal growth. Instead, nanometer-sized clusters were observed, indicating a three-dimensional deposition with peak-to-peak roughness values up to ~ 15 nm. Cluster coalescence was found to occur as the nominal thickness was increased to 30 nm, eventually covering the whole flake surface. This ALD growth mode was observed on freshly exfoliated flakes, due to the low density of dangling bonds or impurities that could act as oxide nucleation centers on the surface of the monolayer. This observation confirms the cleanliness of the flake surface after the exfoliation and deposition procedures [26] . Interestingly, conformal growth was observed when the flake encapsulation was carried out by PECVD, as shown in Fig. 1(b) . The PECVD technique also involves chemical reactions during the oxide growth, but in this case the dissociation of the precursors is enhanced by the plasma. The dissociated species can react at the substrate and monolayer Nano Res. 2018, 11(3): 1399-1414 surfaces to form a uniform oxide layer even without nucleation centers. On the other hand, in the physical deposition techniques employed here, the target material (oxide) is evaporated either by heating with an electron beam (E-BEAM) or by a pulsed laser (PLD). One of the main advantages of these techniques is that they lead to the formation of oxide layers with well-controlled stoichiometry transfer from the target material [37] . The oxide develops by condensation on the substrate and flake surfaces. In principle, the adatom diffusivity on the substrate is determined by the kinetic energy of the incoming evaporated species, and no chemical reaction or precursor dissociation at the flake surface is required for the oxide to grow. Heating the substrate can be used to impart extra energy and boost the mobility of the adatoms. In this work, E-BEAM deposition was carried out at a substrate temperature of 473 K, whereas PLD was performed with the substrate kept at RT. The results in Figs. 1(c) and 1(d) show that uniform conformal encapsulation was achieved by both E-BEAM and PLD. With the exception of the samples prepared by ALD, a similar surface roughness with a peak-to-peak roughness value of ~ 3 nm was found for all samples, independently of the coating oxide thickness. A clear step of  0.7 nm, corresponding to the monolayer thickness, was measured from the profiles shown in Figs. 1(b)-1(d) .
To assess whether the quality, composition, or strain state of the flakes were altered by the encapsulation process, we performed micro-Raman spectroscopy measurements on individual monolayer flakes of selected samples. In particular, we focused on the E 1 2g
(in-plane) and A 1g (out-of-plane) vibrational modes, which are degenerate for monolayer WSe 2 , and give rise to a single Raman peak at about ~ 250 cm -1 [43] . This peak is particularly sensitive to strain [44] or doping in the flake [45] . Figure 2(a) shows Raman spectra of uncapped and encapsulated (with a 30 nm-thick capping oxide layer) flakes, collected in x(zz)x scattering geometry at wavenumbers around the E 1 2g /A 1g modes. Solid lines represent fitted curves (the procedure followed in the analysis is described in the ESM, Fig. S2 ). No shift in the above Raman peaks is observed after encapsulation, within the spectral resolution of our measurements (~ 0.5 cm -1 ), indicating that, regardless of the technique employed, the strain state and the composition of the flakes are not appreciably altered by the coating. We obtained consistently similar results for different oxide thicknesses, ranging from 5 to 30 nm. To further confirm these conclusions, we compared the XPS spectra of uncapped flakes and flakes encapsulated with a 5 nm-thick oxide layer. Figure 2(b) shows the XPS spectrum of the 4f core level of tungsten, in which two main peaks attributed to the W 4f 5/2 and W 4f 7/2 spin-orbit components (∆ = 2.17 eV) are resolved. Most importantly, no WO x contribution to the overall spectrum at higher binding energies was detected for any of the samples, except the one encapsulated by PLD, which confirms that no flake oxidation takes place after encapsulation [27] . In the case of the PLD-encapsulated sample, a small WO x component was detected in the XPS spectrum, which can be Nano Res. 2018, 11(3): 1399-1414 attributed to slight oxidation induced by mixing and implantation of Al 2 O 3 species in the flake during deposition [46, 47] . The detailed analysis of the spectra obtained for all the studied flakes reveal asymmetries in the W 4f 5/2 and W 4f 7/2 peaks, which suggest the presence of a second W 4f doublet shifted by ~ 0.6 eV with respect to the main peak (dashed lines in Fig. 2(b) ). These features have been previously attributed to spatial variations in the Fermi level across the sample surface, due to the presence of a mixture of van der Waals and non-van der Waals planes (such as edge planes and stepped surfaces) [48] . This is reasonable in our case, since the diameter of the scanned area is approximately 400 μm, thus covering exfoliated flakes with different thicknesses and stepped surfaces. The different relative spectral weight of both doublets in different samples reflects the uniqueness of each sample, which results from its fabrication by mechanical exfoliation. No relative peak shifts were detected in the spectra of the encapsulated flakes with respect to those of the uncapped ones, thus ruling out significant compositional modifications of the flakes upon encapsulation.
Room-temperature photoluminescence of encapsulated WSe 2 monolayers
In order to study the optical emission of individual encapsulated flakes, we first performed micro-PL measurements at RT. Since all monolayers studied in this work feature the same emission at 0 X E = 1.661  0.005 eV before encapsulation, their PL spectra can be directly compared. Figure 3(a) displays the normalized PL spectra of uncapped and encapsulated flakes. The black curve corresponds to the characteristic PL emission for an uncapped WSe 2 monolayer flake on a SiO 2 /Si substrate and will be used as a reference. The spectrum is dominated by the neutral exciton (X 0 ) transition at 0 X E = 1.661 eV, marked with a dashed line. Remarkably, no significant PL peak shift or linewidth broadening is observed for WSe 2 monolayers encapsulated with stoichiometric Al 2 O 3 oxides (using E-BEAM and PLD). Consistent with this observation, previous studies demonstrated that dielectric screening effects on the optical transition energies of excitons in 2D materials surrounded by different dielectric media are negligible, since the expected reduction in Nano Res. 2018, 11(3): 1399-1414 exciton binding energy is almost exactly compensated by a similar reduction in the free particle bandgap [49] . Another remarkable finding is that the slight oxidation induced by the PLD coating does not have dramatic effects on the optical response at RT.
In contrast, for the flakes coated with substoichiometric Al 2 O 2.85 (ALD) and SiO 1.80 (PECVD) oxides, we observe a significant red-shift in the PL emission up to ~ 35 meV, with respect to the reference sample. Interestingly, in the case of the flakes coated by ALD, a gradual PL energy shift is observed as the oxide thickness is increased (Fig. 3(b) ). A similar overall shift is found for PECVD encapsulation, but the shift is independent of the thickness of the silicon oxide layer.
These shifts are accompanied by broadening of the PL peaks: the FWHM increases from ~ 40 meV for the uncapped sample up to ~ 60 and ~ 80 meV for PECVDand ALD-encapsulated samples, respectively.
It is known that sub-stoichiometric oxides with oxygen vacancies, such as the SiO 1.80 and Al 2 O 2.85 samples used in this work, can act as sources of carriers for the underlying flake [50, 51] . Moreover, additional localized states within the bandgap can be introduced in the case of defective amorphous oxides. Electron doping of the flakes results in a gradual increase of the negative trion (X -) emission compared to the neutral exciton, as reported for electrically gated 2D materials, such as MoS 2 [7] , MoSe 2 [52] , WSe 2 [8] , and WS 2 [53] .
When the carrier concentration in the flake increases as a result of the electrical doping produced by the sub-stoichiometric oxide, broadening of the PL emission is expected to arise from the superposition of both neutral and charged components. This is exactly the case for the present ALD-encapsulated samples, for which gradual red-shift and broadening of the PL peak are observed upon increasing the coverage of the flakes, i.e., electrical doping, as a consequence of the spectral weight change from neutral exciton to trion (Fig. S3 in the ESM) . The maximum PL energy shift is ~ 35 meV, as expected from the relative binding energy of the trion in WSe 2 monolayers,  b,X E~ 30 meV [8, 54] . A similar overall shift is found for the PECVDencapsulated flakes. However, in this case, there is no smooth evolution, but rather a sharp change from a dominant neutral exciton to a dominant trion transition, independently of the thickness of the capping layer. This is attributed to the uniform and conformal flake encapsulation, already achieved for the smallest investigated coverage of 5 nm.
The ratio I rel between the integrated PL intensities at RT before (I PLuncapped ) and after (I PLcapped ) encapsulation In the case of monolayers encapsulated with substoichiometric oxides using ALD and PECVD, the PL intensity of the X -peak would be expected to be similar to that of the X 0 peak in undoped monolayers, based on the results obtained by gate-controlled doping [8, 52] . In contrast to this expectation, we find a significant PL decrease in the doped monolayers. Since both Raman and XPS measurements (within their respective resolution) showed the absence of flake damage upon encapsulation, the drop in PL intensity may be due to different factors. It should be noted that the capping layer may also affect the excitation intensity and extraction efficiency, owing to optical interference introduced by reflections at the additional interfaces. However, since the thicknesses of the capping layer are much smaller than the wavelength of the emitted light, the changes in extraction efficiency are expected to be negligible compared with the observed intensity changes from sample to sample (Fig. 4) . One possible explanation is the development or enhancement of non-radiative recombination channels for the excitons or photogenerated carriers, such as Auger processes, which are known to be particularly relevant for heavily-doped semiconductors. On the other hand, another possible explanation for both the PL decrease and electrical doping of the flakes is the depletion of photogenerated holes or electrons through transfer processes from the flake to traps present in the sub-stoichiometric oxide [55] . A qualitative correlation between oxide-induced doping and PL intensity decrease is observed for the ALD-encapsulated samples. In this case, the PL intensity gradually decreases as the areal coverage Nano Res. 2018, 11(3): 1399-1414 oxide layers deposited by E-BEAM, as shown in the ESM (Fig. S4 and Table S2 ).
To further support the above interpretation of the gradual charging of the flake coated by ALD, Fig. 1(e) shows the topography and surface potential maps (measured by KFM) of a WSe 2 flake with a non-uniform capping layer of t nom = 5 nm deposited by ALD and of a reference uncapped flake. For this experiment, a 10 nm-thick Al 2 O 2.85 layer was deposited by ALD on the SiO 2 /Si substrate before transferring the flakes by mechanical exfoliation. The surface potential difference between the surrounding aluminum oxide and the uncapped reference flake is |ΔV| ~ 200 mV. Interestingly, the partially covered flake presents a non-uniform surface potential distribution that closely replicates the topography of the flake coated with oxide clusters. It should be noted that the same potential difference |ΔV| ~ 200 mV was measured between the uncovered parts and the surrounding aluminum oxide, similar to the case of the uncapped flake. Most importantly, the uncovered and covered parts of the flake show potential fluctuations of about 100 mV. This observation, together with the room-temperature PL data discussed above, which revealed an increasing electrical doping of the flake, suggests local electrical doping of the flake on a nanometer scale delimited by the size of the sub-stoichiometric oxide clusters. The control of the electrical doping in selected areas of 2D materials is crucial to create p-n junctions with applications in photovoltaics [56] , light-emitting-diodes (LED) [57] , and field-effect-transistors (FET) [58] . The manipulation of the electrical doping in monolayers has been demonstrated by different approaches, such as electrical gating [56, 57] , photoexcitation [59] , selflimiting oxidation of native WSe 2 [60] , photoinduced charge transfer [55, 58, 61] , and surface functionalization [62] . Although electrical n-type doping of WSe 2 thin flakes was recently achieved by encapsulation with sub-stoichiometric SiN x layers over micrometer-sized areas [32] , the results presented here, illustrating electrical doping at the nanoscale, may find promising applications in nanodevices.
Low-temperature PL of encapsulated WSe 2 monolayers
Figure 5(a) shows characteristic power-dependent PL spectra (at 10 K) for the uncapped WSe 2 monolayer. Figures 5(b) -5(e) display the spectra obtained for flakes coated with 10 nm-thick oxide layers by the different deposition methods indicated. We discuss the uncapped reference flakes first: Their overall PL emission consists of several peaks.
Whereas the peaks at 1.747 and 1.714 eV can be safely assigned to the X 0 and X -states, respectively, the origin of the emission at 1.696 eV remains controversial. While this emission has been experimentally attributed to the biexciton complex (XX) formed by two bound excitons [10] , recent calculations attribute it to an excited biexciton complex (XX*) with relative binding energy E b,XX* = 59 meV with respect to X 0 , whereas a binding energy E b,XX = 20 meV is predicted for the XX emission [54, 63, 64] . Because of this uncertainty, we denote the transition at 1.696 eV as P 1 . On the other hand, relative binding energies around 15 meV are predicted for exciton-trion (X 0 -X -) complexes, very close to the predicted value for XX [63] . We denote the weak PL emission centered at 1.732 eV (E b ~ 15 meV) as P 0 . The L 0 , L 1 , L 2 , and L 3 PL peaks are attributed to localized exciton states trapped in disordered potential wells, which may be due to the underlying SiO 2 dielectric [65, 66] . The multi-peak PL spectrum was fitted by Gaussian functions (Fig. S5 and Table S3 in the ESM). It should be noted that very similar emission energies were measured for all transitions in monolayers exfoliated on several SiO 2 /Si substrates, as shown in Fig. S6(a) in the ESM. The relative binding energies depicted in Fig. S6(b) in the ESM for each transition are similar to other values reported in the literature. Although additional investigations are needed for a deeper understating of the origin of the PL transitions associated with localized states in the flakes, the present results suggest that the binding energies corresponding to these transitions are relatively constant, besides some fluctuations in their linewidth broadening. The latter might be attributed to increased disorder in the confining potential wells due to the presence of defects in the flakes or to local fluctuations in the roughness of the underlying SiO 2 /Si substrate.
The dependence of the PL intensity of a semiconductor on the excitation power can be often fitted with a power law of the form   I P [67] . A log-log plot of the integrated intensity vs. excitation power for each peak was fitted to obtain the exponent  for uncapped and encapsulated flakes (Fig. S7 and Table  S4 in the ESM). In the uncapped flakes, the peaks X 0 , P 0 , X -, and P 1 show a nearly linear dependence on the excitation power (~1 α ), reflecting the first-order kinetics of the radiative recombination of free exciton complexes [68] . On the other hand, the L 0 , L 1 , L 2 , and L 3 peaks exhibit a sub-linear dependence (  1 α ), which is attributed to recombination of bound excitons in localized states [9] . Interestingly, a similar behavior is found for samples encapsulated with a stoichiometric oxide by E-BEAM and PLD, as reported in Figs. 5(b) and 5(c). Broad defect-related bands were also observed for the encapsulated PLD samples labeled B 0 and B 1 in Fig. 5(c) ; these bands were attributed to flake oxidation and possibly defect formation during deposition, consistent with the XPS data discussed above [47] .
The samples encapsulated with sub-stoichiometric oxides by ALD and PECVD are considerably different from the uncapped flakes (Figs. 5(d) and 5(e)). Remarkably, no free X 0 emission is observed and bound exciton emission dominates the overall PL spectrum at high excitation power. The positions of the PL peaks corresponding to the X -, P 1 , L 0 , and L 1 states can be fitted to energies similar to those of the uncapped sample. In particular, a power law  1 α is found for these transitions. We attribute this super-linear dependence to the presence of strong non-radiative decay channels, such as Auger processes, in which the carrier recombination is no longer governed by a first-order kinetics [68] . This assumption is in line with the observed decrease in the integrated PL intensity at RT for samples encapsulated by ALD and PECVD, shown in Fig. 4 . The observed broadening in the peaks corresponding to the above transitions could be due Nano Res. 2018, 11(3): 1399-1414 to a higher non-uniformity of the disorder potential upon encapsulation, induced by the overlying oxide [65] . At the lowest excitation power values, only broad PL bands are observed: C 0 (1.638 eV) and C 1 (1.593 eV) in the case of PECVD, and D 0 (1.638 eV) and D 1 (1.601 eV) for ALD. The integrated PL intensity of these bands follows a linear power dependence and starts to saturate at excitation power values around 200 μW (Fig. S7 in the ESM) . Since the quality of the flakes is well preserved upon encapsulation, as demonstrated by the XPS and Raman spectroscopy data, the broad PL bands likely arise from (1) the introduction of intra-gap energy levels upon encapsulation with the defective oxides, and (2) additional confining potential wells for excitons induced by the encapsulation. In addition, non-radiative recombination channels accounting for the super-linear power dependence of the X -, P 1 , L 0 , and L 1 transitions are also present, as discussed above.
Figures 6(a)-6(c) show the temperature-dependent PL spectra for uncapped samples and for samples encapsulated with stoichiometric oxides by E-BEAM and PLD. They are very similar and show a blue-shift of the X 0 , P 0 , and X -transitions as the samples are cooled down from 300 to 10 K. This trend is consistent with the Varshni law (Fig. S8 in the ESM) , which describes the temperature dependence of the bandgap in semiconductors
where E g (0) and E g (T) are the energy bandgaps at 0 K and temperature T, respectively, while ' and  are material-specific parameters. The fitted parameters are shown in Table S5 of the ESM and are comparable to values previously reported for TMDCs [53] . At temperatures around 60 K, the bound exciton states P 1 , L 0 , L 1 , L 2 , and L 3 dissociate, with a corresponding increase in the number of free X 0 and X -species. The PL intensity of X -decreases for temperatures above 100 K, and the X 0 transition becomes dominant up to RT. Interestingly, we found that the emission related to localized states (bands B 0 and B 1 in Fig. 6(c) ) observed in the PLD sample persists up to temperatures as high as ~ 220 K, pointing to a different origin (i.e., partial Figure 6 Temperature-dependent PL spectra, measured at an excitation power of 10 µW, for the uncapped WSe 2 monolayer (a) and for monolayers encapsulated with stoichiometric oxides by E-BEAM (b) and PLD (c). The temperature-dependent PL spectra for the monolayers encapsulated with sub-stoichiometric oxides by ALD and PECVD are shown in (d) and (e), respectively. The dashed lines serve as a guide to the eye, to follow the energy shift of the PL components with the temperature.
oxidation of the flakes) of the emission, compared to the P 1 , L 0 , L 1 , L 2 , and L 3 transitions. The uncapped and E-BEAM-encapsulated samples show a well-resolved P 0 peak in the whole temperature range explored. However, the same peak could not be fitted for the PLD-encapsulated sample, due to the strong PL background induced by the broad B 0 band, which extends from about 1.54 to almost 1.70 eV. The P 1 peak is either quenched or merged with the X -emission for temperatures above 130 K.
In order to isolate and investigate the low-energy bands for samples encapsulated with sub-stoichiometric oxides by PECVD (C 0 and C 1 ) and ALD (D 0 and D 1 ), we performed temperature-dependent PL experiments for a low excitation power of 10 μW. Under these Nano Res. 2018, 11(3): 1399-1414 experimental conditions, the low-energy broad bands dominate over the X -contribution, as shown in Figs. 6(d) and 6(e). As expected, the X -signal can be well fitted with the Varshni equation, and the fitted parameters can be found in the ESM (Table S5 ). The broad PL bands undergo a red-shift as the temperature increases. While the C 1 and D 1 bands are not resolved above 160 K, the C 0 and D 0 bands are stable up to RT, contributing to the broadened emission shown in Fig. 3 and Fig. S3 (in the ESM) . We therefore attribute the PL emission broadening observed at RT to the combined contributions of the X -emission and the localized states induced by the encapsulation procedure. The nature of these states is clearly different from that of the other localized states discussed for the uncapped and E-BEAM/PLD-encapsulated flakes, and might be ascribed to trapped excitons in disordered potential minima produced by the underlying substrate and/or the encapsulating oxide [65] . Such disorder can be further enhanced by the spatially random electrostatic landscape provided by the sub-stoichiometric encapsulating oxide layer, which remains charged upon exchanging carriers with the flake.
Conclusions
In summary, we have systematically investigated the effects of oxide encapsulation on the photoluminescence of exfoliated WSe 2 monolayer flakes. We have shown that full conformal encapsulation on freshly exfoliated flakes can be successfully achieved by PECVD, E-BEAM, and PLD techniques. In contrast, oxide encapsulation by ALD results in the inhomogeneous formation of clusters, which coalesce as the thickness is increased up to 30 nm. The composition and strain state of the monolayers is well preserved upon encapsulation, regardless of the technique employed. Only the PLD-encapsulated flakes show small traces of WO x , detected by XPS. Most importantly, our results demonstrate the significant impact of the stoichiometry of the deposited oxide on the optical response of the encapsulated flakes.
The PL properties of the WSe 2 monolayer flakes at RT are preserved upon encapsulation with the stoichiometric oxide produced by both E-BEAM and PLD physical deposition techniques. In contrast, the emission of flakes capped with sub-stoichiometric oxides by ALD and PECVD is dominated by trion emission, due to electrical doping through carriers exchange between the oxide and the flake. In addition, a strong decrease in the PL intensity of the ALD/ PECVD-encapsulated flakes is also found, which suggests the presence of non-radiative mechanisms in the flake and/or a possible transfer of carriers from the flake to the oxide.
The power-dependent PL data at 10 K and the temperature-dependent PL measurements show that, similar to the uncapped flakes, free and bound exciton recombination processes are dominant in flakes encapsulated with stoichiometric Al 2 O 3 . The flakes encapsulated by PLD display an additional broad PL emission band that might be due to radiative recombination through defects in the flake, originated by the inflow of energetic species during deposition. However, the flakes encapsulated with defective substoichiometric oxides exhibit an emission consistent with a high density of localized states, which leads to a broad PL band at low energies that remains stable up to RT. The origin of these localized states might be traced to local potential well fluctuations induced by the random distribution of charges in the substoichiometric oxide. Based on these results, we conclude that the most important factor for achieving successful encapsulation of WSe 2 monolayer flakes, in terms of preserving their optical response, is the stoichiometric quality of the oxide. Therefore, all deposition techniques used in this work can potentially achieve a satisfactory oxide coverage of the 2D flakes, as long as the experimental deposition conditions are modified in order to achieve the correct stoichiometry and control the kinetic energy of the deposited species, especially in the case of the PLD method. We believe that the present findings can be extended to other 2D semiconductors and oxides/dielectrics, and also play a crucial role in the design and optimization of advanced optoelectronic devices, for which the design of complex semiconductor/dielectric nanostructures is an essential requirement. Moreover, the present encapsulation with stoichiometric oxides provides a robust approach to protect 2D materials while preserving their optical properties. This will be particularly relevant for the transfer of oxide nanomembranes embedding 2D materials on different target substrates, which can be accomplished by combining lift-off and dry transfer techniques. For instance, we envisage that these oxide membranes could be integrated in micromachined piezoelectric actuators to study the effects of large anisotropic strain fields on 2D semiconductors in unprecedented detail [69, 70] .
